Two forms of prereplicative phage RNA can be discerned in Escherichia coli early after infection with bacteriophage T4, immediate early and delayed early RNA. The transition from immediate early to delayed early RNA synthesis is inhibited by chloramphenicol. The present work presents evidence for the existence of a phage-specific protein, which effects this transition. Delayed early RNA formation was measured by a cistron-specific enzyme-fonning-capacity method, in which RNA synthesized in the presence of chloramphenicol was allowed to express itself into enzyme activity after (i) the addition of rifampin to inhibit further transcription and (ii) subsequent removal ofchloramphenicol. As representatives of delayed early transcription, the two phage-specific enzymes dCTPase and deoxynucleotide kinase were chosen. Primary infection with a phage mutant defective in one of these two enzymes was found to induce a diffusible factor, which in the presence of chloramphenicol could effect the formation of delayed early RNA corresponding to the missing enzyme, upon superinfection with wild-type phage. The activity of this factor, acting in trans, was abolished by the amino acid analogue ethionine. Mutation in the suA gene ofthe host did not relieve phage of the apparent need for protein synthesis in the transition from immediate early to delayed early phage RNA synthesis.
RNA formation was measured by a cistron-specific enzyme-fonning-capacity method, in which RNA synthesized in the presence of chloramphenicol was allowed to express itself into enzyme activity after (i) the addition of rifampin to inhibit further transcription and (ii) subsequent removal ofchloramphenicol. As representatives of delayed early transcription, the two phage-specific enzymes dCTPase and deoxynucleotide kinase were chosen. Primary infection with a phage mutant defective in one of these two enzymes was found to induce a diffusible factor, which in the presence of chloramphenicol could effect the formation of delayed early RNA corresponding to the missing enzyme, upon superinfection with wild-type phage. The activity of this factor, acting in trans, was abolished by the amino acid analogue ethionine. Mutation in the suA gene ofthe host did not relieve phage of the apparent need for protein synthesis in the transition from immediate early to delayed early phage RNA synthesis.
Bacteriophage T4 is a programmed transcription system, in which the RNA polymerase of the host is responsible for transcribing different groups of genes at different times in phage development. By the use of RNA-DNA hybridization-competition techniques, T4 transcripts have been divided into different classes. The earliest two of these have been called "immediate-early" and "delayed-early," respectively (15) . The first is defined as those early sequences, the transcription of which proceeds in the presence of chloramphenicol, i.e., in the absence of protein synthesis. The transcription ofthe latter class was proposed to depend on the synthesis of one or several proteins coded for by the immediate early RNA (15) . The link between phage-specific protein synthesis and delayed early RNA formation has also been demonstrated in many laboratories by determining the expression of this RNA fraction into phage enzymes both in vivo and in vitro (8) (9) (10) 14) . The work of Jayaraman (8) , for example, showed, by transfection analysis of RNA extracted from phage-infected bacteria, that mRNA coding for dCMP hydroxymethylase (HMase) (gene 42) and DNA ligase (gene 30), respectively, could be synthesized in the presence of chloramphenicol, whereas that coding for DNA polymerase (gene 43) could not. Similarly, Linder and Fast (10) , using an enzymeforming-capacity determination of synthesized RNA, could demonstrate that deoxynucleotide kinase (gene 1) mRNA was not forned when protein synthesis was blocked, either by chloramphenicol or amino acid starvation. In agreement with the results ofJayaraman, formation of dCMP HMase mRNA was, however, found to be independent of protein synthesis. These results could mean that synthesis ofdelayed early RNA, as represented, e.g., by deoxynucleotide kinase mRNA, is dependent on the synthesis of one or several phage-specific proteins. In the present work, an attempt was made to test this idea by looking for the formation by a primary infecting phage ofprotein acting in trans on the transcription of a superinfecting phage in the presence of chloramphenicol. Synthesis of RNA was measured by a cistron-specific method, in which mRNA synthesized in the presence of chloramphenicol was allowed to express itself into phage-specific enzyme activity after (i) the addition of rifampin to inhibit further transcription, and (ii) subsequent removal of chloramphenicol. Evidence was found for the fornation of a protein(s) effecting initiation of synthesis of delayed early RNA, as represented by deoxynucleotide kinase and dCTPase mRNA, respectively. This protein, or these proteins, could be inactivated by adding the methionine analogue, ethionine, to phage-infected bacteria.
It was proposed earlier (1) that the chloramphenicol inhibition of delayed early RNA synthesis is a polarity effect that could be neutralized by mutation in the suA gene. Since the suA gene has recently been identified as that coding for the rho factor (12) , the influence of the allelic state of suA on delayed early RNA synthesis was studied with the enzyme-forming-capacity method. Mutation in suA could not be found to influence initiation of delayed early RNA synthesis.
MATERIALS AND METHODS
Chemicals. [5-3H] Bacteriophage and bacterial strains. The rifampin-sensitive Escherichia coli B strain AA446 (rel+) (11) was provided by E. Lund; it requires leucine and is a derivative of AS19 (17). The E. coli B strain B,1 met-(16) was provided by W. Sauerbier. The E. coli strains XA7007 (suAi) and XA7014 (suA+) (7) were isogenic except at the suA locus; they were provided by J. Beckwith. For phage growth, E. coli B, nonpermissive for T4 amber (am) mutants, and E. coli CR63 (19) , permissive for T4 am mutants, were used.
Wild-type T4D (T4 am+) and mutants amC42 (gene 1-, deoxyribonucleotide kinase-) and amE114 (gene 56-, dCTPase-) were obtained from J. Wiberg. Phages were grown and harvested by the method described by Goldman and Lodish (5) .
Media. Most experiments were performed in the mineral salts medium, M9 (4), supplemented with glucose to 5 g/liter and FeCl3 to 1O-5 M. Required amino acids, such as leucine and methionine, were added to 50 jug/ml, respectively. The E. coli strains XA7007 and XA7014 were grown in tryptone broth (10 g of tryptone and 5 g of NaCl per liter), supplemented with proline (100 ,ug/ml) and thiamine (5 .ug/ml).
Infected cells. Bacteria for all experiments were grown at 37°C in rubber tubes to about 2 x 108 cells/ ml. At infection (zero time) about four phages per bacterium were added. Superinfection took place by adding the second phage at the same multiplicity at indicated times after the primary infection. Phage adsorption and bacterial survival were determinated routinely, and were usually better than 95 and 1%, respectively, at 5 min after infection. In the experiments with E. coli B.1 met-, methionine starvation was established by filtration. Similarly, filtration and washing with fresh medium were used to remove chloramphenicol. The filtration procedure could be performed in about 2 min.
Preparation of extracts for enzyme assays. For the determination of phage-specific enzyme activity, samples of 2 ml were withdrawn at indicated times and immediately frozen in test tubes on dry ice and acetone. After thawing, the cells were kept chilled on ice and disrupted by sonication twice for 20 s in an MSE sonicator. Cell debris was removed by centrifugation at 25,000 x g for 10 min. The supernatants were frozen and stored at -20°C.
Enzyme After incubation for 60 min at 37°C, the reaction was stopped by the addition of 0.2 ml of 0.05 M EDTA, pH 8.0. The reaction mixture was then applied to a column (3.3 by 30 mm) of Bio-Rad AG 1-X8-formate ion exchange resin (200 to 400 mesh). After adsorption, the column was washed with 1.3 ml of water, followed by 3 ml of 0.01 M ammonium formate, pH 4.4. Elution of dCMP was then accomplished with 3 ml of 0.06 M ammonium formate, pH 2.8, and the radioactivity was measured. Activity was expressed as nanomoles ofdCMP formed per hour and 1.5 x 108 cells at 37°C.
RESULTS
Transcriptional classification of early enzymes. The two early phage enzymes dCMP HMase and deoxynucleotide kinase work in sequence to furnish phage-specific DNA synthesis with the hydroxymethylcytosine-containing deoxynucleotide. They belong, however, to different transcriptional groups, which can be demonstrated by the separation oftranscription and translation with the drugs rifampin and chloramphenicol, respectively. This is shown in Fig. 1 , in which a rifampin-permeable strain of E. coli B was infected with phage T4. If infection took place for 9 min in the presence of chloramphenicol, inhibiting protein synthesis, no deoxynucleotide kinase was formed when chloramphenicol was removed 1 nun after the addition of rifampin to inhibit further transcription (Fig. 1A) . The formation of deoxynucleotide kinase mRNA thus seems to require protein synthesis. This is not the case with dCMP HMase mRNA, however, since enzyme formation was clearly observed when, under identical conditions, translation was allowed of mRNA formed in the absence of protein synthesis (Fig. 1B) .
Evidence for a phage protein governing delayed early RNA formation. To find out whether there is a phage-specific protein that effects the initiation of deoxynucleotide kinase mRNA formation, an experiment was planned in which bacteria were primarily infected with a phage having an amber mutation in the deoxynucleotide kinase gene, and then superinfected with wild-type phage in the presence of chloramphenicol. The enzyme-forming capacity of synthesized mRNA could finally be determined as described in Fig. 1 . In a superinfection scheme of this type, the phenomenon of exclusion (18) could be anticipated to interfere severely with the expression of the secondary phage. That this is so is demonstrated in Fig. 2 , in which the induction of deoxynucleotide kinase by phage T4 added at different times after primary infection with the kinase-deficient mutant amC42 is shown. It can be seen that the expression of enzyme decreased rapidly with increasing time between primary and secondary infection. Thus, when superinfection took place at 3 to 5 min after infection, only 10 to 15% ofthat kinase activity observed after single infection with wild-type phage was seen.
The interfering effect of superinfection exclusion could be overcome in two ways. Either the primary infection could be performed with a phage, which, besides the amber mutation in the kinase gene, carries an imm mutation (22) that prevents exclusion of the superinfecting phage genome. Alternatively, the low enzyme activities seen after superinfection could be determined with accuracy by use of a very high specific activity in the enzyme assay. Since very little is known about the biological mechanism of the T4 immunity reaction, we have chosen not to introduce this mutation in the primary-infecting-phage genome. Inhibition of deoxynucleotide kinase mRNA formation in the presence of chloramphenicol. Cells ofE. coli AA446 were grown and infected as described. At indicated times, samples were withdrawn, and extracts were prepared and assayed for deoxynucleotide kinase activity as described in Materials and Methods. Values along the ordinate denote enzyme activity in nanomoles of dTDP formed per hour per 1.5 x 108 cells at 37°C. Symbols: 0, Chloramphenicol (20 pg/ml) added at 1 min before infection with phage T4 am+ (zero time), rifampin (20 pg/ ml) added at 9 min (chloramphenicol was removed by filtration at 10 min); 0, (no chloramphenicol) infection with T4 am+ at zero time, rifampin added at 9 min, filtration at 10 min; x, infection with T4 amC42 (deoxynucleotide kinase-) at zero time, and again at 5 min, rifampin added at 14 min, filtration at 15 min. (B) Formation ofdCMP HMase mRNA in the presence of chloramphenicol. Cells of E. coli AA446 were grown and infected as described. At indicated times, extracts were prepared and assayed for dCMP hydroxymethylase activity. Ordinate: Enzyme activity in nanomoles ofdHMP formedper hour per 1.5 x 108 cells at 37°C. Symbols: 0, Chloramphenicol (20 pg/ml) added 1 min before infection with T4 amC42 (zero time), rifampin (20 To identify the formation of a presumptive protein effecting deoxynucleotide kinase mRNA formation, primary infection with mutant amC42 took place at zero time, and wildtype T4 was then added in the presence ofchloramphenicol, 3 and 5 min later, respectively.
Infection with only amC42 gave no detectable kinase activity (Fig. 1A) . It can be seen from Fig. 3 that a primary infection period of 2 min (chloramphenicol addition) with amC42 allowed a small but clearly detectable kinase mRNA fonnation at the time of later wild-type infection in the presence of chloramphenicol. This enzyme-forming capacity increased about twice (opposite to the effect of superinfection exclusion) when the primary infection period was increased to 4 min. In the absence of primary infection no deoxynucleotide kinase mRNA formation could be observed.
These results could be interpreted as demonstrating the effect of one or several proteins, which are formed by the phage during primary infection, and then work in trans on the superinfecting phage to effect initiation of deoxynucleotide kinase mRNA formation in the absence of further phage-specific protein synthesis. The same phenomenon was demonstrated in another case, in which dCTPase mRNA formation was studied. This enzyme hinders the incorporation ofcytosine into phage DNA by degrading the dCTP pool, and furnishes dCMP for DNA hydroxymethylcytosine formation through the action of dCMP HMase and deoxynucleotide kinase. In Fig. 4 , it is shown by the described enzyme-forming-capacity method that chloramphenicol inhibition of protein synthesis com- pletely prevents synthesis of dCTPase mRNA.
Rescue of this mRNA formation in the absence of protein synthesis could be achieved, however, by primary infection with the dCTPase-less phage mutant amE114 as shown in Fig. 5 . In the described experiment, it can be seen that primary mutant infection allows the expression of dCTPase by wild-type phage added 3 min later and in the presence of chloramphenicol to prevent further protein synthesis. The rescued activity is clearly detectable but relatively small because of exclusion of the superinfecting phage. In Fig. 6 , it is thus shown that addition of wild-type phage at 3 min after primary infection only yields about 7% of that dCTPase activity obtained at single infection.
Effect of the suA mutation in E. coli on initiation of delayed early phage mRNA formation. As demonstrated by the chloramphenicol experiments described above, there is an apparent barrier between immediate early phage RNA (as represented by dCMP HMase mRNA) and delayed early phage RNA (deoxynucleotide kinase and dCTPase mRNA). As discussed by Black and Gold (1) this apparent barrier could be due either to the action of rho (13) al""t ks'lf") suA strain (XA7007) supported growth of two ,es (7) , who T4 amber mutants, which could not grow in ,pressed am-XA7014 with its unmutated suA allele. ,d this unex- (20, 21) .
A complete passive model for transcription from immediate early to delayed early transcription was discussed in detail by Black We have tried to formulate an argument in this debate regarding active or passive transcription in T4 by using a cistron-specific analysis of the expression of three early phage-essential enzymes, all participating in the pathway responsible for the replacement of dCMP residues by dHMP in phage DNA. By the chloramphenicol effect, dCTPase and deoxynucleotide kinase were classified as belonging to the delayed early transcription groups; i.e., no formation of cistron-specific mRNA could be observed in the presence of chloramphenicol by the enzyme-forming-capacity technique. Such mRNA synthesis was observed, however, if primary infection took place with a phage mutant deficient in the gene of the studied enzyme. This phenomenon was observed with both dCTPase and deoxynucleotide kinase, and is interpreted as an effect of a diffusible protein synthesized by the primary infecting phage and acting in trans on the transcription of the second phage. This interpretation is supported by the observation that ethionine also inhibited the initiation of delayed early RNA synthesis. Ethionine is a methionine analogue that is incorporated into proteins and has been shown (16) to inhibit synthesis of active proteins in T4-infected cells. Moreover, it can be seen from Fig. 3 that an increase in the protein synthesis time between primary and secondary infection increases the formation of deoxynucleotide kinase mRNA during the second infection in the absence of protein synthesis. This effect is opposite to the depressing effect of exclusion, and indicates the dependence of deoxynucleotide kinase mRNA formation on the synthesis of a certain amount of protein.
There seems, then, to exist a barrier between immediate early and delayed early transcription, which can only be penetrated by phagespecific protein synthesis.
If this phage-induced protein had anti-rho activity, its action could be thought to be obviated by defects in the rho factor. It was recently shown (12) that the suA gene almost certainly codes for rho in E. coli. The dependence on protein synthesis of delayed early transcription was, however, still apparent in an suA mutant in our experiments.
This does not rule out the possibility of an anti-rho effect on delayed early transcription, since viable suA mutants seem to have very minor changes in the rho factor (12) .
In conclusion, these results could be interpreted as evidence for the active model of regulation ofdelayed early transcription in T4. That is, the formation of phage-specific protein is needed for the initiation of delayed early T4 transcription.
